Distinct chromatin organization features, such as centromeres and heterochromatin domains, are inherited epigenetically. However, the mechanisms that modulate the accuracy of epigenetic inheritance, especially at the individual nucleosome level, are not well-understood. Here, using ChIP and nextgeneration sequencing (ChIP-Seq), we characterized Ccp1, a homolog of the histone chaperone Vps75 in budding yeast that functions in centromere chromatin duplication and heterochromatin maintenance in fission yeast (Schizosaccharomyces pombe). We show that Ccp1 is enriched at the central core regions of the centromeres. Of note, among all histone chaperones characterized, deletion of the ccp1 gene uniquely reduced the rate of epigenetic switching, manifested as position effect variegation within the centromeric core region (CEN-PEV). In contrast, gene deletion of other histone chaperones either elevated the PEV switching rates or did not affect centromeric PEV. Ccp1 and the kinetochore components Mis6 and Sim4 were mutually dependent for centromere or kinetochore association at the proper levels. Moreover, Ccp1 influenced heterochromatin distribution at multiple loci in the genome, including the subtelomeric and the pericentromeric regions. We also found that Gar2, a protein predominantly enriched in the nucleolus, functions similarly to Ccp1 in modulating the epigenetic stability of centromeric regions, although its mechanism remained unclear. Together, our results identify Ccp1 as an important player in modulating epigenetic stability and maintaining proper organization of multiple chromatin domains throughout the fission yeast genome.
Distinct chromatin organization features, such as centromeres and heterochromatin domains, are inherited epigenetically. However, the mechanisms that modulate the accuracy of epigenetic inheritance, especially at the individual nucleosome level, are not well-understood. Here, using ChIP and nextgeneration sequencing (ChIP-Seq), we characterized Ccp1, a homolog of the histone chaperone Vps75 in budding yeast that functions in centromere chromatin duplication and heterochromatin maintenance in fission yeast (Schizosaccharomyces pombe). We show that Ccp1 is enriched at the central core regions of the centromeres. Of note, among all histone chaperones characterized, deletion of the ccp1 gene uniquely reduced the rate of epigenetic switching, manifested as position effect variegation within the centromeric core region (CEN-PEV). In contrast, gene deletion of other histone chaperones either elevated the PEV switching rates or did not affect centromeric PEV. Ccp1 and the kinetochore components Mis6 and Sim4 were mutually dependent for centromere or kinetochore association at the proper levels. Moreover, Ccp1 influenced heterochromatin distribution at multiple loci in the genome, including the subtelomeric and the pericentromeric regions. We also found that Gar2, a protein predominantly enriched in the nucleolus, functions similarly to Ccp1 in modulating the epigenetic stability of centromeric regions, although its mechanism remained unclear. Together, our results identify Ccp1 as an important player in modulating epigenetic stability and maintaining proper organization of multiple chromatin domains throughout the fission yeast genome.
Nucleosomes, the basic structural units of chromatin, are each composed of two copies of histone H3, H4, H2A, and H2B, respectively, with a 147-bp DNA fragment wrapping around (1) . Distinct nucleosomal organization patterns along the chromatin profoundly affect the functional output of the genome and must be preserved during cell proliferation to maintain specific transcription program and, thereby, the distinct cell identity. The chromatin is duplicated along with DNA replication via a process called replication-coupled nucleosome assembly (2, 3) . To duplicate the chromatin structure accurately, it is essential that the recycled old histones (which may carry the epigenetic information) should be reincorporated into their original sites on one of the duplicated DNA strands. Furthermore, on the other daughter DNA strand, the same nucleosome organization pattern needs to be established de novo, using newly synthesized histones (4 -6) .
In the past decades, much has been learned about the biological processes that influence genetic stability, including DNA replication precision, DNA damage and repair, and cell death with severe DNA damage. In comparison, little is known about how epigenetic stability is achieved, which must be influenced by the precision of chromatin duplication and almost certainly other processes that implicate chromatin, such as transcription and DNA damage repair.
Not all chromosomal features are necessarily inherited epigenetically, with some better demonstrated than others. One well-established example is the centromere, a site of the chromosome on which the kinetochore assembles. The kinetochore is a large multiprotein apparatus that links the chromosome to the spindle microtubules and provides the physical force driving chromosome segregation in mitosis and meiosis (7) (8) (9) . The location of the centromere is epigenetically determined by CENP-A (a centromere-specific histone H3 variant) containing nucleosomes in eukaryotes. In general, the DNA sequence underlying centromeric chromatin is neither necessary nor sufficient for centromere assembly, except for the budding yeast, whose centromere is determined by specific DNA sequence and is composed of only one Cse4 (CENP-A homolog) containing nucleosome (10 -12) . Most eukaryotic organisms, including the fission yeast, have a large and complex centromere on each chromosome, containing dozens to hundreds of CENP-A nucleosomes. Although CENP-A nucleosomes are exclusively localized to centromeres, canonical H3 nucleosomes also exist within centromeres, interspersing with CENP-A nucleosomes (13) (14) (15) .
Another well-established epigenetic feature is the heterochromatin (16) . Studies have shown that the heterochromatin formation pathways are highly conserved (17) (18) (19) . In the fission yeast Schizosaccharomyces pombe, the pericentromeric and subtelomeric regions and the silent mating-type locus are coated with heterochromatin (20 -22) . At the junctions of the pericentromeric and the central core regions of the centromere, the boundaries between the two domains are well-defined by the underlying tRNA genes (23) . No heterochromatin is detected within the central core regions.
We are interested in exploring what may influence the accuracy of chromatin duplication, using fission yeast as the experimental system. Any inheritable changes occurred during the history of colony formation may be preserved and reflected in the heterogeneity and complexity of the cell population within the colony and can be assessed qualitatively and quantitatively (24) . We notice that epigenetic inheritance of a specific chromatin feature may be readily manifested by a phenomenon called position effect variegation (PEV), 2 in which the transcription state of a gene, due to its specific locus within the genome, varies between a repressed mode and an expressed mode. PEV was first reported in the 1930s in specific Drosophila mutant strains where the white gene expression status was variable upon translocation to a site nearby heterochromatin (25) , reflecting the dynamic changes of heterochromatin spreading onto or shrinking from the white gene. PEV was later observed broadly in other organisms and is associated with various underlying chromatin features. In fission yeast, PEV was observed with a reporter gene (e.g. ade6 or ura4) inserted within the centromeric core region (referred to as CEN-PEV in this work) (26) . Subsequent studies, including those from our laboratory, have demonstrated that in CEN-PEV, Cnp1 (CENP-A homolog in fission yeast) nucleosome occupancy on the reporter gene correlates with its transcriptional silencing (15, 27, 28) .
Using an experimental procedure, the pedigree analysis, to track the ON and OFF states of the CEN::ade6 reporter through mitotic cell generations at the individual cell level, we have shown that the transcription states of CEN::ade6 are inheritable through cell generations. Switches between the two states are also detected at constant rates (15) . CEN-PEV vividly reflects the epigenetic inheritance and the dynamic switching of centromeric chromatin states. Given the correlation between Cnp1 occupancy and the silencing of the reporter genes, these interchangeable chromatin states likely correlate with changes in Cnp1 nucleosome positioning within the centromeric core.
PEV also occurs elsewhere in the fission yeast genome, such as the subtelomeric region or next to a heterochromatin-initiating DNA element (cenH). There, instead of Cnp1 occupancy, gene silencing is due to heterochromatin (H3K9me2) spreading onto or shrinking from the reporter (29) . In sum, despite the different biochemical nature of the associated chromatin features, PEV may serve as a convenient indicator of epigenetic inheritance stability of local chromatin structures through mitotic cell generations.
Here we describe characterizing new roles of Ccp1 in fission yeast, as an important modulator for the epigenetic stability of PEVs associated with Cnp1 or heterochromatin modification (H3K9me2), centromere function, and proper heterochromatin distributions elsewhere in the epigenome. Also, we have found that Gar2, a nucleolar protein, functionally cooperates with Ccp1 in maintaining proper heterochromatin distribution at pericentromeric regions as well as in modulating centromeric epigenetic stability.
Results

Deletion of ccp1 causes reduction in the rates of PEV epigenetic switching at different loci
To elucidate the mechanism that modulates the nucleosomal epigenetic stability in fission yeast, we performed a genetic survey in an annotated gene deletion library (30) . An established CEN-PEV system was used as the readout for the genetic screen in which a reporter gene, ade6, was inserted at the central core of CEN2. Previous studies indicated that the occupancy of Cnp1 on ade6 correlates with transcriptional silencing (15, 27, 28, 31) . We reason that, using centromeric PEV of ade6 inserted in cnt2 (designated as cnt2::ade6 thereafter in this work) as the readout, switching between the ON and OFF states of ade6 reflects the changes of Cnp1 occupancy on the ade6 reporter gene through mitotic cell generations. The frequencies of such switches are visually illustrated by the intensities of color-sectoring strips of individual colonies, as the red and white colors are correspondent to ade6 OFF and ON, respectively, in medium with low adenine supply. In an ongoing screening of the Bioneer V.1 pombe deletion library, we have identified specific genes whose deletion led to quantitative changes in cnt2::ade6 expression pattern switching within single colonies. In selected isolates, we quantified the changes in switching frequencies by an established pedigree analysis assay (15) (see Fig. 1C ). In this study, we focus on one gene, SPBC36B7.08c (systematic ID), named as ccp1, which encodes a protein homologous to a histone chaperone, Vps75, in the budding yeast.
Single colonies of ccp1⌬ originated from ade6 silencing cells are predominantly red and consistently contain fewer white sectors than those of WT, demonstrating that Cnp1 occupancy on ade6 switches less frequently in the mutant (Fig. 1A) . To test whether Ccp1 also affects the epigenetic stability elsewhere on chromatin mediated by canonical H3 nucleosomes, we assessed the variability of PEV associated with heterochromatin. Specifically, a DNA segment, cenH (centromere-homologous repeat) element within the mating-type region, is sufficient to initiate the formation of heterochromatin at ectopic sites via an RNAidependent pathway (32) . By inserting cenH at the ura4 locus and placing ade6 next to cenH (designated as cenH::ade6 in this work thereafter), a typical PEV phenomenon is observed ( Fig.  1B) . Compared with WT, ccp1⌬ colonies showed the reduced variability of cenH::ade6 PEV, based on colony morphology of color sectoring density (Fig. 1B) . Quantification by pedigree analysis confirmed that the switching rates of both cnt2::ade6 (also see Fig. 7B in Ref. 15 ) and cenH::ade6 were reduced in ccp1⌬ compared with WT ( Fig. 1C ).
Ccp1 shows a high structural similarity to Vps75, suggesting that it may function as an authentic histone chaperone (33) . In budding yeast, Vps75 was shown to form a complex with Rtt109 and to promote Rtt109's acetyltransferase activity on Lys-56 of histone H3 (34, 35 ). An Rtt109-independent role of Vps75 was also reported (36) . To test whether the role that Ccp1 (Vps75 homolog) plays in nucleosomal epigenetic stability is linked with Rtt109, we examined the PEV phenotype of the rtt109⌬ strain and found that rtt109⌬ does not affect the variability of cnt2::ade6 (consistent with our previous result ( Fig. 7B in Ref. 15) or that of cenH::ade6 (Fig. S1A ). Hence, our data indicate that Ccp1 modulates the nucleosomal epigenetic stability in an Rtt109-independent manner.
Vps75 belongs to the NAP (nucleosome assembly protein) family and functions as a histone chaperone that binds with histone H3-H4 tetramer (37, 38) . This prompted us to investigate whether other histone chaperones or chromatin remodeling factors play a role in modulating cnt2::ade6 PEV and cenH::ade6 PEV variability. To this end, we constructed deletion strains for a list of candidate genes, combining the deletions with the cnt2::ade6 or cenH::ade6 reporters by genetic crossing. PEV phenotypes were examined by visual inspection of the colony color-sectoring morphology. The results (summarized in Table 1 and Fig. S1B ) suggest that whereas most candidate gene deletions either do not affect the epigenetic stability of the reporters at all or enhance the epigenetic switching in only cnt2::ade6, ccp1⌬ uniquely causes reduction in nucleosomal epigenetic switching that is mediated by both Cnp1 (cnt2::ade6) and H3K9me2 (cenH::ade6 marker inserted in ura4 locus). Table 1 A summary of the epigenetic stability characterization of selected chromatin modulator mutants using the cnt2::ade6 and cenH::ade6 PEV systems Enhanced and Reduced, the epigenetic switching frequency higher and lower, respectively, than the WT; WT-like, WT level; White Colony, lack of ade6 silencing. 
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Vps75 has a classical nuclear localization signal and is located in the nucleus in budding yeast (39) . To examine the intracellular localization of Ccp1 in S. pombe, we fused a GFP tag to the C terminus of ccp1 at its endogenous locus. We observed that Ccp1-GFP expressed under its native promoter is distributed throughout the nucleus at all cell cycle stages. In addition, during interphase (G 1 to G 2 phase) but not in mitosis, Ccp1-GFP forms a distinct bright dot at the edge of the nucleus ( Fig. 2A ), a similar cellular localization pattern was also observed by Dong et al. (33) . In fission yeast cells, all three centromeres cluster adjacent to the spindle pole body (SPB) at the nuclear periphery in interphase. To test whether the specific dot of Ccp1-GFP represents its enrichment at the centromeres/kinetochores, we assessed possible co-localization of the Ccp1-GFP dot with the SPB and the centromere/kinetochore cluster. In strains carrying Ccp1-GFP and Sad1-mCherry (an SPB protein) or Ccp1-DsRed1 and Spc7-GFP (a kinetochore component), with all Table S3 . IP, immunoprecipitation.
Nucleosomal epigenetic stability regulated by Ccp1
tagged genes under their respective native promoters ( Fig. 2B and Fig. S1C ), we found that the Ccp1-GFP dot overlaps with the SPB or the kinetochore dot, suggesting that Ccp1 in interphase is enriched at the centromeres/kinetochores.
The centromeres of fission yeast consist of a central core region (cnt and part of imr) and the flanking repetitive (otr and part of imr) sequence. Cnp1-containing nucleosomes are exclusively localized to the central core regions, and the flanking repetitive sequence is covered by constitutive heterochromatin.
To determine the association sites of Ccp1 with the centromeres and to characterize the global distribution pattern of Ccp1 throughout the genome, ChIP plus next-generation sequencing (ChIP-Seq) were performed for Myc-tagged Ccp1 (C-terminal fusion protein). The result revealed that Ccp1 exclusively associates with the central core region of each centromere, which corroborates and expands the subcellular fluorescent observation results ( Fig. 2C) (33) . ChIP-PCR verified the specific enrichment of Ccp1 at the central core regions of the centromeres (Fig. 2D ). Although ccp1⌬ exhibited reduced sectoring in the cenH::ade6 PEV system, we did not detect Ccp1 enrichment at any loci other than the centromeric cores reproducibly by ChIP-Seq. It is possible that Ccp1 may be associated transiently and/or weakly with specific loci other than centromeres, or it may be associated with chromatin broadly but nonspecifically throughout the genome that cannot be detected reliably with the current ChIP-Seq method, or Ccp1 has an indirect effect on these noncentromeric regions. In sum, these data showed that Ccp1 binds prominently with centromeres and thus may affect the epigenetic dynamics of the underlying centromeric nucleosomes via a direct interaction.
ccp1⌬ affects the mitotic function of centromeres but does not alter the total level of Cnp1 incorporation
Based on the observation that Ccp1 specifically binds to centromeres, we hypothesized that ccp1⌬ might affect the total level of Cnp1 occupancy at the centromeres. Dong et al. (33) showed about 12% of cells having multiple foci or diffuse signals in ccp1⌬ carrying an ectopic Cnp1-GFP (also see "Discussion"). To test this with the endogenous level of Cnp1 expression, we microscopically examined WT and ccp1⌬ carrying endogenous cnp1-gfp. To minimize experimental variations, we quantified the fluorescent intensity of the Cnp1-GFP dot in late G 2 phase cells (single-nucleus cells with length Ͼ10 m). Cnp1-GFP forms a single dot, and its fluorescence intensity does not change significantly with ccp1 deletion, suggesting that Ccp1 does not affect the total amount of Cnp1 incorporated into the centromeres (Fig. 3, A and B) .
The systematic survey of genetic interaction (epistasis mapping, E-MAP) in fission yeast provides important clues of functional networks of diverse biological processes (40) . Analysis of epistasis mapping profiles showed that Ccp1 is functionally associated with the DASH complex. DASH complex mediates the interaction between the kinetochore and the spindle microtubules and is important for accurate chromosome segregation (41, 42) . To verify and expand the results of E-MAP survey, we constructed double deletions of ccp1 and multiple single components of DASH complex (ccp1⌬ask1⌬ and ccp1⌬dad2⌬) and found that the double mutations displayed increased sensitivity to the microtubule-destabilizing drug thiabendazole (TBZ) (Fig. 3C ). This is consistent with the speculation that Ccp1 plays a role in proper function of centromeres/kinetochores. In addition to the DASH complex, we also examined the genetic interaction between Ccp1 and other kinetochore components. ccp1⌬mis6 -302 cells exhibited hypersensitivity to the microtubule-destabilizing drug TBZ (Fig. 3D ) and severe growth defects when temperature exceeded 25°C.
Ccp1 and the inner kinetochore protein Mis6 are mutually dependent for proper localization
To explore how Ccp1 is specifically enriched at centromeres/ kinetochores, we tested inactivation or deletion mutations of several candidate genes, mainly including kinetochore proteinencoding genes. Most of these mutants, including mis12-537, mis15-68, and fta6⌬, do not affect Ccp1-GFP centromeric dot formation ( Fig. 4A and Fig. S2A ). In contrast, inactivation of Mis6 profoundly affects Ccp1 enrichment on centromeres. At the permissive temperature (26°C), mis6-302 mutant cells already had diminished fluorescent intensity in Ccp1-GFP dots. At the nonpermissive temperature (36°C), Ccp1-GFP centromeric localization is completely abolished by microscopic examination (Fig. 4A) . Thus, Ccp1 enrichment at the centromeres is specifically dependent on Mis6.
We next assessed whether Ccp1 has an impact on kinetochore assembly. Mis6 -Mal2-Sim4 complex forms part of the inner centromeres, whereas Mis12, Ndc80, and Spc7 are outer kinetochore components. In ccp1⌬ cells, there is 40 -50% reduction in average Mis6-GFP and Sim4-GFP dot fluorescent intensity (Fig. 4, B and C) , whereas Mis12-GFP (Fig. 4, B and C) , Mis15-GFP, Ndc80-GFP, and Spc7-GFP maintain the same levels at centromeres compared with WT cells (Fig. S2, B and C) . These results suggest that Ccp1 is required for the normal level incorporation of the Mis6-Sim4 branch of inner kinetochore components.
Nucleolar protein Gar2 genetically interacts with Ccp1 to regulate centromeric nucleosomal epigenetic stability
To gain further insight into the mechanism by which Ccp1 regulates the nucleosomal epigenetic stability, we affinity-purified endogenously expressed Ccp1-TAP and its associated proteins from the whole-cell extract. Mass spectrometry analyses revealed that histones were co-purified with Ccp1-TAP, consistent with its postulated role as a histone chaperone (Table  S1 ). In addition to histones, one possible chromatin-associated protein, Gar2, was consistently co-purified with Ccp1 in both biological repeats, but not in the negative controls. Gar2 was implicated as a nucleolus protein by homology and a genomewide protein localization survey (43) (44) (45) (46) (47) . To test whether it is functionally related with Ccp1, we assessed the nucleosomal epigenetic switching rates in gar2⌬ cells. Using the cnt2::ade6 PEV system, gar2⌬ displayed reduced epigenetic switching similar to ccp1⌬ (Fig. 5A ). Furthermore, double mutant ccp1⌬gar2⌬ has a synergistic effect on the reduced variability of cnt2::ade6 PEV ( Fig. 5A and Fig. S3 ). Based on these findings, we postulated that Gar2 might locate outside nucleolus (such as centromeres) to modulate epigenetic stability, in addition to its
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expected functions in the nucleolus. To test this, we examined the subcellular localization of Gar2. Endogenous Gar2 was tagged with GFP at the C terminus and expressed under its native promoter. At all stages of the cell cycle, Gar2-GFP is predominately localized to the nucleolus as reported previously (43, 44, 46, 47) , with an additional faint, diffused localization throughout the nucleus (Fig. 5B) . No specific enrichment of Gar2-GFP at or near the spindle pole body marker Sad1-mCherry was detected (Fig. 5C ). These data suggest that Gar2 does not specifically associate with centromeres.
We next examined possible genetic interdependency between Ccp1 and Gar2 for their specific subcellular localizations. Ccp1-GFP in gar2⌬ or Gar2-GFP in ccp1⌬ exhibited no difference compared with that in WT cells, indicating that they do not influence each other's localization (Fig. S4, A and B) . Furthermore, we found that gar2⌬ does not affect the total levels of Cnp1-GFP at centromeres either (Fig. 5D ). Consistently, anti-Cnp1 ChIP-Seq showed no significant difference in Cnp1 distribution pattern between ccp1⌬, gar2⌬, and WT (Fig. S5 ). On the other hand, gar2⌬ is hypersensitive to TBZ (Fig. S4C) , indicating that Gar2 may contribute to the proper functioning of centromeres/kinetochores.
Collectively, the investigations above demonstrate that Gar2 and Ccp1 function synergistically in modulating nucleosomal epigenetic stability at centromeres, although they are not stably associated with each other. Gar2 may perform its functions in a transient fashion or via an indirect mechanism.
ccp1⌬ affects heterochromatin distribution both at pericentromeric and subtelomeric domains
Because Ccp1 functions in modulating canonical H3-containing nucleosomal epigenetic stability indicated by using cenH::ade6 PEV as the readout, we were interested in investigating whether Ccp1 plays a role in modulating heterochroma- . Scale bar, 2 m. B, the graph plots the relative mean fluorescent signal intensity of the Cnp1-GFP measured in ccp1⌬ normalized to WT. N represents the total cells scored for the mean Cnp1-GFP intensity. Error bars, S.D. C, serial dilutions (5-fold) of the indicated strains were spotted on YEϩ5S medium with no TBZ or with 10 g/ml TBZ and grown at 29°C. D, serial dilutions (5-fold) of the indicated strains were spotted on YEϩ5S medium without TBZ or with 10 or 15 g/ml TBZ and grown at 29°C. Strains were also spotted on YEϩ5S medium grown at 25, 29, and 36°C.
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tin distribution genome-wide. To this end, mononucleosomal IP-Seq (using H3K9me2-specific antibody) was performed in ccp1⌬, gar2⌬, ccp1⌬gar2⌬ compared with WT cells. (The strains used in all anti-Cnp1 and anti-H3K9me2 ChIP-Seq carry the ade6 reporter inserted at cnt2. All of the highthroughput sequencing data have two biological repeats that are highly reproducible (e.g. Fig. S4D ), one of which was randomly chosen for presentation in the main text.) Our data demonstrated that in ccp1⌬ constitutive pericentromeric heterochromatin expands inward (but not at the other side toward euchromatin), causing a minor but significant heterochromatin presence in the central core region at cnt2 (Fig. 6A ). There was also slight spreading of pericentromeric heterochromatin into cnt3 but not in cnt1 (Fig. 6A) . Importantly, ccp1⌬gar2⌬ exhibited pericentromeric heterochromatin spreading at cnt2 and showed the synergistic effect on cnt3 relative to their inner pericentromeric heterochromatin levels (Fig. 6A) . This result indi-cates that Ccp1 and Gar2 prevent the spreading of pericentromeric heterochromatin into centromeric core regions and thus are required for proper organization of centromere chromatin.
At the Tel1 and Tel2 subtelomeric domains, heterochromatin is dramatically (up to over 20 kb in length) diminished, and no alteration was detected at the subtelomeric heterochromatin of Tel3 in ccp1⌬, whereas gar2⌬ showed no difference compared with WT ( Fig. 6B) . Moreover, ccp1⌬gar2⌬ exhibited the same levels of subtelomeric heterochromatin shrinking as those of ccp1⌬ (Fig. 6B) , indicating that Ccp1, but not Gar2, has an important function in subtelomeric heterochromatin maintenance.
In addition to constitutive heterochromatin domains, small heterochromatin islands (namely facultative heterochromatin) also exist at multiple loci throughout the whole genome. These facultative heterochromatin islands are usually formed at meiosis-related loci and are thought to be involved in cellular dif- A, representative images of Ccp1-GFP in WT, mis6-302, mis12-537, and mis15-68 mutant cells cultured at 26, 29 (as labeled), or 26°C shifted to 36°C for 4 h (labeled as 36°C). Ccp1-GFP (green) and Ccp1-GFP merged with DIC (green and red) are shown. Scale bar, 2 m. B, representative images of Mis6-GFP, Sim4-GFP, and Mis12-GFP in WT and ccp1⌬. Scale bar, 2 m. C, the graph plots the mean fluorescent signal intensity of the GFP dots of the indicated kinetochore proteins in ccp1⌬ normalized to WT. Error bars, S.D. N represents the total cells scored for the mean GFP intensity. Scale bar, 2 m.
ferentiation (48) . The mechanisms for the precise assembly and inheritance of the small heterochromatin islands are still opaque. Several studies reported that Epe1 affects not only the silencing within the heterochromatin but also the establish-ment of the boundary between heterochromatin islands and their neighboring euchromatin (48 -50) . Compared with the WT and epe1⌬, ccp1⌬ showed a significant increase in H3K9me2 levels of small heterochromatin islands (such as 
mei4 and ssm4) compared with WT but not as prominent as epe1⌬ (Fig. 6C) . Taken together, we conclude that Ccp1 is involved in the formation/maintenance of the WT level heterochromatin distribution at all subtelomeric regions.
Discussion
Epigenetic stability is regulated intricately
It is vital to preserve the fidelity of epigenetic inheritance through cell generations to maintain the cell identity and the organism homeostasis, as epigenetic aberrations likely contribute to a multitude of diseases (16, 51, 52) . On the other hand, epigenetic inheritance fidelity should be amendable when needed. For example, epigenetic reprograming is the essence of embryo development and cell differentiation. Thus, epigenetic fidelity should be modulated exquisitely. Using fission yeast CEN-PEV as the experimental tool, we are now able to quantify the epigenetic fidelity of one particular feature of the chromatin, the positioning of Cnp1 nucleosomes at reporter genes, and may start to elucidate the molecular mechanisms for modulating the epigenetic fidelity within the centromere core region. The PEV system that we have utilized serves as a proxy for Cnp1 occupancy at centromeres, with the potential caveat that it may reflect the combined effects of Cnp1 occupancy and other unidentified (but epigenetically inheritable) mechanisms that modulate ade6 reporter transcription.
We have found that deletions of histone chaperone or chromatin remodeling protein genes affect the switching frequency (i.e. the epigenetic stability) of CEN-PEV in a gene-specific manner ( Table 1 ). In our previous paper (see Fig. 7B in Ref. 15 ), we erroneously reported that deletion of pcf3, a gene encoding one subunit of the CAF1 complex, enhances the rates of CEN-PEV epigenetic switching. Here, we found and confirmed repeatedly that pcf3⌬ does not affect CEN-PEV, whereas pcf1⌬ enhances the rates of epigenetic switching. Given the prominent role of CAF-1 in the process of replication-coupled nucleosome assembly, this indicates that the fidelity of chromatin duplication is a major determinant of epigenetic stability. This is in agreement with our recent finding that replication stresses elevate the variability of CEN-PEV (31) . Also noticeable, among three subunits of the histone chaperone CAF-1, only pcf1⌬ enhanced cnt2::ade6 variability, whereas pcf2⌬ or pcf3⌬ exhibited WT level variability, suggesting that epigenetic stability modulation is a unique function of Pcf1 instead of the CAF-1 complex as an integral entity. 
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In contrast to pcf1⌬, deletion of a histone chaperone gene, ccp1⌬, or a nucleolus protein gene, gar2⌬, exhibited reduced epigenetic variability in CEN-PEV. Alternatively, another possible explanation is that the heterochromatin spreading into centromeric core regions in ccp1⌬ should contribute to ade6 silencing. Consistently, we detected low levels of heterochromatin on ade6 reporter cassette by whole-genome heterochromatin mapping in ccp1⌬. It is plausible that the net increase of ade6 silencing due to heterochromatin spreading would also affect the equilibrium of epigenetic stability by tipping the balance of the ade6 ON/OFF switch toward the OFF direction. In other words, ccp1⌬ should cause a reduction in OFF-to-ON switching frequency while causing an elevation in ON-to-OFF switching frequency. However, in contrast to this speculation, we observed that the frequencies of both OFF-to-ON and ONto-OFF switching of cnt2::ade6 were reduced in ccp1⌬ compared with WT, whereas the reduction in ON-to-OFF switching is marginal; the result nonetheless indicates that changes in epigenetic variability in ccp1⌬ might not be solely attributed to a net increase in silencing (Fig. 1C) . Instead, we are in favor of a model in which ccp1⌬ affects the CEN-PEV dynamics in two parallel mechanisms, a direct one that reduces the rates of cnt2::ade6 ON/OFF switching in both directions and an indirect one that, via heterochromatin spreading, tips the ON/OFF balance toward the OFF direction.
It was proposed that replication-coupled nucleosome duplication could intrinsically be of low fidelity (53, 54) so that chromatin features carried by individual nucleosomes may not be inherited stably. Our finding demonstrates that the WT level of variability in CEN-PEV requires ccp1 as well as gar2. Therefore, such variability does not reflect an intrinsically low fidelity in chromatin duplication. Instead, at least to some extent, epigenetic variation in CEN-PEV is a "deliberate" process, underscoring the intricacy of the mechanisms for modulating epigenetic stability. This further hints at the feasibility of fine-tuning epigenetic stability through genetic or pharmacologic intervention.
The diverse functional roles of Ccp1
In addition to its role in modulating centromeric epigenetic stability, Ccp1 performs additional functions at centromeres and also modulates epigenetic stability elsewhere in the genome.
Many studies have identified major players in CENP-A incorporation into centromeres; for example, the Mis16 -Mis18 complex, Scm3 (a CENP-A-specific histone chaperone), and a NASP-(N1/N2)-related protein, Sim3, are critical for deposition and maintenance of CENP-A at centromeres (28, (55) (56) (57) (58) (59) (60) (61) (62) (63) . A common effect of these proteins is that their inactivation/depletion leads to eventual loss of CENP-A/Cnp1 at centromeres. Different from this, deletion of ccp1 or gar2 does not cause a significant change in the total level of Cnp1 incorporation. A recent study has shown that Ccp1 functions in preventing or eliminating illegitimate Cnp1 incorporation into elsewhere other than centromeres in the context of high Cnp1 overexpression, as multiple nuclear Cnp1-GFP foci formed after ccp1 was deleted (33). Dong et al. showed that 12% of cells exhibit Cnp1-GFP mislocalization when overexpressed at an ectopic site, whereas only roughly 1% of cells with Cnp1-GFP expressed at the endogenous level exhibit Cnp1-GFP mislocalization (33) . 3 In our results, we did not detect the extra Cnp1-GFP dots elsewhere in ccp1⌬ after microscopically examining Ͼ500 cells. This may be due to the difference under "Experimental procedures" as to whether the cells are harvested from solid medium (33) 3 or from liquid medium.
The fact that incorporation of inner kinetochore proteins (Mis6 and sim4) is reduced in ccp1⌬ suggests a functional role of Ccp1 in proper kinetochore assembly. On the other hand, partial inactivation of Mis6 (mis6-302 temperature-sensitive mutation at 26°C) (64) compromises the recruitment of Ccp1 at centromeres. These results indicate a mutual dependence of Ccp1 and inner kinetochore components for centromere binding and kinetochore incorporation. We note that Ccp1 is not a constitutive component of kinetochore, because it is dislocalized from the centromeres when cells enter mitosis ( Fig. 2A) . This is reminiscent of a couple of other centromere-associated proteins, such as Scm3 and Ams2 (59, 65) . How Ccp1 is removed from centromeres specifically after the cell enters to mitosis remains elusive. In ccp1⌬, we have detected low but significant spreading of pericentromeric heterochromatin into the centromeric core regions (66) . Hence, Ccp1 is also required to withhold the boundary between the centromeric core and the pericentromeric heterochromatin.
Overall, we propose a model in which Ccp1 enriched at the centromeres plays multiple functional roles locally; it modulates the nucleosomal epigenetic stability manifested as PEV, helps to maintain the boundary between the core regions and the pericentromeric heterochromatin domains, and contributes to kinetochore assembly. Our recent study has shown that the inner kinetochore is required for maintaining the boundary between the Cnp1-containing regions and pericentromeric heterochromatin, 4 which might connect several functional roles of Ccp1.
Outside centromeres, Ccp1 also plays a functional role in modulating epigenetic stability and maintaining normal chromatin structures at multiple loci. In ccp1⌬, the subtelomeric heterochromatin domains of chromosomes I and II (Tel1 and Tel2, left and right ends, respectively) have a drastic reduction in length at the centromeric-proximal end, at a range from 5 to 35 kb. In comparison, in other genetic lesions, such as dbl5⌬ (Fig. S6 ) and cdc22-3 (31), heterochromatin spreading occurred to various degrees in the same regions. Interestingly, the subtelomeric regions of chromosome III (Tel3) are highly stable, which indicates the locus-specific regulation of epigenetic stability by Ccp1. This may be due to the specialized nucleolar localization of Tel3.
In sum, we have demonstrated that epigenetic stability of centromeric chromatin is under intricate control. We have discovered new functions of Ccp1 in modulating epigenetic stability and maintaining proper organization of multiple chromatin domains to ensure the normal function of centromeres and heterochromatin. Determination of whether these roles are related to the chaperone function of Ccp1 requires further investigation.
Experimental procedures
Strains and media
Yeast genetic manipulations were conducted with standard procedures. The chromosomal integrated strains with epitopes (GFP, TAP, DsRed1, and Myc) were constructed as described (67) . We also confirmed that the fusion constructs were fully functional by measuring cell growth or examining the CEN-PEV stability. Strains carrying different epitopes were obtained by genetic crossing and tetrad dissection. Cells were cultured at 29°C unless other culture conditions were specified. For colony morphology observations, cells were cultured at 25°C. The media used for culturing S. pombe were complete medium (YEϩ5S), YEϩ4S (low adenine), and ME sporulation medium. For marker selection or drug sensitivity test, the indicated drugs were added into the medium. S. pombe strains and primers used in this study are listed in Table S2 and Table S3 , respectively.
Pedigree analysis
Pedigree analysis was performed as described (15) . Strains were cultured in YEϩ4S (low adenine) liquid for 2-4 generations, and then cells were spread in a line near the top of a YEϩ4S plate. The ancestral cell (generation I) and its descendants (generations II-IV) were moved to the designated positions by micromanipulation using a glass needle. The pedigree information was retained by relative positioning of the descendant cells. The plates were incubated at 25°C for 5 days to form single colonies. Colony morphology was recorded using a stereomicroscope with a CCD camera. The rates of red-towhite and white-to-red switching between mutant and WT strains were scored by the numbers of switching events in 600 -1,000 cell divisions.
Microscopy
Cells were cultured at 29°C in complete medium (YEϩ5S). For temperature-sensitive strains, cells were initially cultured at 26°C in complete medium and then were shifted to 36°C for appropriate generations. Images were taken with a Delta Vision Elite microscope (Applied Precision) with a ϫ60, 1.42 numerical aperture objective oil lens. Multiple optical sections were collected for the measurement of fluorescence intensities, and the vertical distance between sections was 0.25-0.3 m. Deconvolution, image projections (maximum intensity), and quantification of fluorescence signals were performed using an imaging work station (SoftWoRx, Applied Precision).
Mass spectrometry
Standard TAP purification procedures were used as described previously (68 -70) . After affinity purification, the eluted samples were separated by 12.5% SDS-PAGE. The gel containing proteins was cut, and MS analysis was performed at the Beijing Proteome Research Center (Beijing, China).
ChIP and ChIP-Seq
The standard procedures of ChIP were used as described (71, 72) . For Myc-ChIP, cells were cultured at 29°C in complete medium (YEϩ5S) and fixed with 1% paraformaldehyde solution for 60 min. The fixation reaction was quenched with 125 mM glycine. Cell pellets were lysed mechanically with glass beads using a bead beater. Chromatin was sheared to 200 -400-bp fragments by sonication following the specifications recommended by the sonicator manufacturer (Diagenode Bioruptor Pico). Anti-Myc (ab9132, Abcam) was used in immunoprecipitation. For H3K9me2-ChIP and Cnp1-ChIP, cells were cultured at 29°C in complete medium and harvested. Cell pellets were suspended in 1 M sorbitol, 50 mM Tris (pH 7.5) with freshly added 10 mM DTT. Zymolase (final concentration 0.25 mg/ml) was added to digest the yeast cell walls. After zymolyase treatment, cells were lysed and treated with 30 units/l micrococcal nuclease (Thermo Fisher Scientific) to digest chromatin into mononucleosomes. Anti-H3K9me2 (ab1220, Abcam) and anti-Cnp1 (provided by the Allshire laboratory) were used in immunoprecipitation.
The sequencer (Ion PGM TM system, Life Technologies, Inc.) was used for next-generation sequencing according to the manufacturer's protocols. Libraries of DNA were prepared using a commercial high-throughput library preparation kit (KAPA).
High-throughput sequencing data analysis
ChIP-Seq raw data were aligned to the assembly genome S. pombe ASM294v.2.22 with BWA. Duplication reads were removed. Mapped reads were normalized between different data sets. Peak calling was performed for visualization in the Integrative Genome Viewer (IGV) (73) . The algorithm used was Model-based Analysis of ChIP-Seq (MACS) (74) . All ChIP-Seq data and the details of the data analysis procedures have been submitted to the NCBI Gene Expression Omnibus (GEO) under accession number GSE95047. 
